Wickless heat pipes are devices with high reliability and heat transfer potential per unit area. Owed to that fact, their application range has been widened in the past 20 years. In the process industry, they are usually coupled to waste heat recovery devices, namely heat exchangers. Heat-pipe-based heat exchangers offer many advantages when compared to conventional waste heat recovery systems, such as increased reliability and reduced cost of production. The design of such devices, however, is not a straightforward process due to the complex modes of heat transfer mechanisms involved. In this paper, the characterisation of a cross-flow heat pipe based heat exchanger is made via the use of ANSYS Fluent, a CFD solver. A design tool with the purpose of predicting the performance of the test unit is also developed and validated through comparison between the CFD model and previous experimental results.
Introduction
The heat pipe is a heat transfer device with a high heat transfer potential. It consists of a sealed evacuated tube partially filled with a working fluid. The working fluid is responsible for the high heat transfer rates, as a large amount of energy can be transferred via the latent heat in the fluid through phase change.
Heat pipes have a proven track record in many areas, including space applications [1] , computer and electronics [2] , ventilation and air conditioning [3, 4] , including dehumidification devices [5] heating systems [6, 7] , solar energy systems [8] , water desalination [9] and nuclear energy [10] ; however, waste heat recovery seems to be the preferred application for heat-pipe-equipped heat exchangers [3] , partly due to some specific characteristics, namely, the simple structure, high efficiency, compact build, reversibility and the lack of energy input requirement.
Heat pipes are physically divided in three sections: the evaporator, located on the lower section of the pipe, where heat is added to the system; the condenser, located on the upper section of the pipe, where heat is removed from it; and the adiabatic section, located between the two. Theoretically, no heat transfer takes place in the adiabatic section. Logically, a heat exchanger equipped with heat pipes can be divided in the same way, the hotter flow used in the lower part (evaporator) and the colder flow used in the upper part (condenser).
The basic working principle of a heat pipe consists of a continuous cycle of evaporation/condensation of the working fluid (the name given to the fluid inside the pipe) triggered by a difference in temperature. In the evaporator, the heat supplied to the pipe is absorbed by the working fluid; this triggers the evaporation of the fluid and forces the phase change process, flowing up to the condenser section in a gas form. The wall of the heat pipe is cooler in the condenser section, due to the colder fluid flowing on the shell side. Upon making contact with the cooler surface, the working fluid condenses, giving up its latent heat to the wall of the heat pipe and, due to the force of gravity, flowing back down in a liquid form to the evaporator.
There is one characteristic that ought to be mentioned and that is one that substantially alters the behaviour of a heat pipe: the existence (or lack) of a wick structure. The wick usually consists of a sintered structure located on the inside wall of the heat pipe. It applies a capillary pressure to the fluid, allowing it to flow towards the evaporator even when turned upside down and against the force of gravity. Wickless heat pipes are technically named two-phase closed thermosyphons or gravity-assisted heat pipes and are the type used in this paper.
Literature
Heat pipes have been thoroughly investigated in the past decade [11] . However, due to the intricacies in simulating the phase change process inside the pipe, there are only a handful of Computational Fluid Dynamics (CFD) simulation studies available on the topic and most of them two dimensional. More so, most of the studies were done at temperatures below 50 ºC, as the researchers often aim at studying the application of heat pipes in refrigeration or air conditioner units. For the sake of comparison, in industrial waste heat recovery, the temperature of an exhaust can rise to 300 ºC and the pipes usually have more than 2 metres length.
The closest simulation of the two-phase flow within a heat pipe has been developed by Fadhl et al [12] . In his two dimensional study, he was able to accurately simulate the actual boiling and condensation processes inside the pipe through user-defined functions using the Volume of Fluid (VoF) method in ANSYS FLUENT.
However, simulating the phase change process, even in a two-dimensional study is not an easy matter, and that is the main reason the VoF method is not yet widely used to simulate bundles of pipes or heat pipe-equipped heat exchangers. Instead, most recent papers treat the heat pipe as a single entity, as Annamalai and Ramalingam [13] did when investigating a wicked heat pipe; in an effort to create a better correlation, Annamalai et al chose not to simulate the evaporation and boiling processes inside the pipe, assuming the inner side of the pipe to be composed of a single phase of vapour and the wick structure to be a liquid phase throughout the inner wall of the pipe. Good agreement was found between the predicted surface temperature and the experimental results.
Legierski et al [14] also conducted a study in a horizontal wicked heat pipe in a low temperature environment (<100 ºC). The variation of thermal conductivity through time was investigated, and the simulation, once again, proved to be very close to the experimental results. The thermal conductivity of the pipe was estimated to range between 15,000 and 30,000 W/m K, a value achieved after 20-30 seconds of operation.
So it is possible to have good agreement between a CFD study and experimental data without simulating the two-phase flow. There are even applications within the CFD solver that allow the user to simulate the heat exchanger; in fact, Drosatos et al [15] have used this macro heat exchanger approach in their heat pipe based heat exchanger experiments and achieved very accurate sets of data. The working fluid outlet temperatures and the conjugated heat flux deviated by less than 3.6% and 5.7%, respectively.
In addition, CFD simulation can also be used in order to increase the performance of an existing heat exchanger, even when equipped with heat pipes, as has been proven by Selma et al [17] . The improvement in performance resulting from changes in the pipe diameter and the angle between the pipes was investigated within the CFD simulation and then applied to the heat exchanger under investigation. The limitations seem to always be the same, a limited temperature range that does not take into account waste heat applications (0 -40 o C).
The present paper produces a CFD simulation predicting the heat transfer performance of a heat exchanger equipped with heat pipes, assuming the heat pipes are solid materials with a constant thermal conductivity. The advantage of this method is a lower simulation time and high adaptability, with possibility of being used in other heat exchanger designs equipped with heat pipes.
The numerical model presented in this paper is a replica of a real heat exchanger used in an experimental rig that was built with the purpose of investigating the behaviour of an actual air-to-water heat exchanger equipped with heat pipes. The model predictions are then compared to the experimental results in an effort to prove the new method (using a constant conductivity) has the potential to size heat pipe based heat exchangers operating at higher temperatures.
Physical problem description
The heat exchanger being simulated in this paper is based on an experimental rig that aimed at characterising an air-to-water heat pipe based heat exchanger. In Figure 1 the heat exchanger can be seen rotated 90º to the right. As can be observed, the three sections are clearly shown, the evaporator (0.6 m on the left), the condenser (0.2 m on the right) and the adiabatic section composing the sections in the middle. The thermocouples were placed in key locations, namely in all the inlets and outlets and on the surface of the pipes at 0.6 m intervals. In the condenser, the pipes are swept as shown in Figure 2 . Following the arrows, the flow takes a u-turn, sweeping the pipes in order. The principal purpose of this simulation is to prove that by equating the heat pipe to a solid rod of constant conductivity, the other modes of heat transfer inside the heat pipe can be neglected. The temperature and mass flow rate of hot incoming air varied from 50 ºC to 300 ºC and 0.05 kg/s to 0.2 kg/s, respectively. The water inlet was kept at a constant mass flow rate of 0.07 kg/s and constant temperature at 10 ºC.
Numerical model
ANSYS Fluent was used to develop a numerical model to simulate the external heat flow over the pipes on both the air side (evaporator) and water side (condenser). The model was developed in order to access the possibility of using constant conductivity as a boundary condition in heat pipe simulation for future heat exchanger modelling.
The mesh was first built and sized. Afterwards, the full range of simulations attempted the repetition of the experimental results and finally the results were compared with the experimental results.
The standard k-epsilon (k-) turbulence model was used for all the tested results. It is the most used model in practical engineering flow calculations due to its robustness and reasonable accuracy for a wide range of turbulent flows. It is a semi-empirical model based on model transport equations for the turbulence kinetic energy (k) and its dissipation rate (). In order to use the standard k-, the flow has to be fully turbulent. The pressure-velocity scheme used was coupled as it offers a better result for a single-phase flow, more consistent and efficient at steady-state [16] . This is due to the fact that the algorithm solves the pressurebased continuity and momentum equations simultaneously.
Mesh selection
There were three meshing levels generated: coarse, medium and fine. In the case of hexahedrons or tetrahedrons meshes, the maximum skewness should be lower than 0.7, while in triangular elements, it must be inferior to 0.8 [17] . Two evaporator inlet conditions were considered to which the experimental results were compared to the simulated results. The results provided by the fine mesh were the most acceptable in the end and the limit guaranteed for grid independency. The medium mesh gave unexpected results, less accurate than the experimental. The finer mesh was used for all the tests, and not only was the percentage error smaller, but the flows appeared to extract more heat than in the experimental test, which is to be expected taking into account the walls of the heat exchanger are 100% adiabatic (Q = 0). 
Boundary conditions
When starting the solver, the boundary conditions need to be specified. First the characteristics of the fluids in question (water and air) were set, based on the default values given by Fluent (included in the nomenclature). Then the conductivity of the pipes was set to be 200,000 W/(m.K). The inlet and outlet conditions for the flows can be seen in Table 3 . Note that beyond the inlets and outlets, all the other walls were considered to be adiabatic as they were insulated in the experimental rig. The value for conductivity used in this paper is a co-relation between several expressions. The first required value is the thermal conductivity. In axial conduction through a solid, Fourier's Law states that thermal conductivity is represented by the letter k and can be used in equation (1) [18]:
(1)
Applied to a heat pipe, represents the axial heat transfer rate by conduction from the bottom to the top of the pipe (W), k represents the overall thermal conductivity (W/m.K), ΔT represents the difference in temperature between each end of the pipe (K) and δ the axial distance (m), which in our case is the length of the adiabatic section. The thermal conductivity, k, has to be related to the thermal resistance of the heat pipe and that is done through eqn. (2): ,
Thermal resistance is the ability of resisting the flow of heat [18] . Where denotes the heat transfer rate through the pipe (W), ΔT the difference in temperature between each end of the pipe (K) and R hp the thermal resistance of the heat pipe (K/W). The equation is re-arranged in order to set as the variable under study. Equating both, eqn. (1) and (2), we are left with eqn. (3):
Leading to the conclusion that:
The thermal resistance of a heat pipe, R hp (K/W), is determined from the conditions of the flow in the vicinity of the pipe, a re-iteration of eqn. (2) that looks like the following:
and represent the average temperature in both the evaporator and the condenser sections (K) and Q hp is the heat flow through the heat pipe (W). Since the heat exchanger is equipped with 6 heat pipes, the use of the Total Resistance, R T (K/W), is advised. Following the electric circuit analogy, the heat pipes are assumed to be thermal resistances arranged in parallel and the Total Thermal Resistance becomes the following: (6) Assuming all the heat pipes offer the same resistance to heat transfer: (7) Where n represents the number of heat pipes in the heat exchanger. The total resistance is related to the heat flow of the entire heat exchanger through equation (2) , which leads to the determination of R hp which in turn allows the calculation of k as a boundary condition in the CFD simulation.
Results and discussion
Using 4 processors operating in parallel, the simulation was conducted smoothly, following the trend shown in Table 1 . The reported results were mainly the outlet temperatures as they are directly related to the heat transfer rate. The simulation was repeated for each experimental test and the value for the conductivity used was extracted from an average R hp from eqn. (7) .
Figures 4 and 5 are a visualisation of the results from the CFD simulation. The inlet data for the results presented was the highest temperature difference at the highest mass flow rate (T = 300 ºC and ṁ = 0.2 kg/s). The temperature profile of the heat pipe is plotted in Figure 4 according to the tube's length. The average temperature inside the pipe is 55 ºC (328 K), a 7% difference to the experimental values. The temperature profile of the flow within the heat exchanger is presented in Figure 5 for the same inlet conditions. Figure 6 , on the left, shows the difference in temperature between the inlet and outlet of the evaporator section. It compares the experimental values to the values obtained in the CFD simulation. The lines represent the experimental values and the markers the CFD values. Good agreement is found from the results in the evaporator side, an average difference of 3%, according to Figure 7 . The figure on the right compares the values obtained in the condenser section between the CFD simulation and the experimental test. The difference is more visible here and can go up to 40%, but the average is about 25% difference. Coincidentally, it was the area of the heat exchanger with the highest uncertainty rate during the experimental tests. The main reason for the high deviation was the inability to create a perfect adiabatic section; there were losses registered in the adiabatic section during the experimental test that the simulation did not take into consideration. Additionally, the low accuracy identified at lower temperatures was a result of the reduced thermal conductivity of the heat pipe at those temperatures [19] . The lower thermal conductivity is due to the partial evaporation and condensation processes which were not taken into consideration in the equations used. Overall, the CFD results show a higher outlet temperature in the cold section, a result of the lack of heat transfer in the adiabatic section, which is not physically possible in the existing experimental rig. 
Conclusion
CFD has been used to simulate the behaviour of a heat pipe based heat exchanger through the assumption that the heat pipes are solid devices of constant conductivity. The model results proved to be within an average of 20% of the experimental results assuming a constant conductivity for all the results. The creation of a relation between thermal resistance of the heat pipe and inlet conditions is suggested in order to perfect the model. 
